Background: In U.S. women, lifetime risk of ovarian cancer is 1.37%, but some women are at a substantially lower or higher risk than this average.
Introduction
There were approximately 22,240 new cases of invasive epithelial ovarian cancer (ovarian cancer) and 14,030 deaths from the disease in the United States in 2013 (1). Ovarian cancer accounts for 5% of cancer-related deaths in women with overall 5-year survival at less than 50%.
The average lifetime risk of ovarian cancer is approximately 1.37% in non-Hispanic (NH) white women in the United States, but there are women at a substantially higher and lower risk.
Approximately 10% of women who develop ovarian cancer carry high-penetrance alleles of major ovarian cancer genes, such as BRCA1, BRCA2, and others (2) , that put them at a significantly higher lifetime risk of ovarian cancer.
There are also a number of personal and lifestyle factors as well as low-penetrance inherited genetic variants that affect a woman's risk for ovarian cancer. Parity, oral contraceptive pill (OCP) use, and tubal ligation are all associated with a substantial protective effect for ovarian cancer. Women with a history of endometriosis or a positive first-degree family history of ovarian cancer are at increased risk (3) , and, over the past several years, 11 common SNPs have been identified which have modest influences on risk (4) (5) (6) (7) (8) (9) (10) . It is thus possible to identify groups of women in the general population at a much higher or lower than average lifetime risk of ovarian cancer by taking into account all of the aforementioned factors.
Secondary prevention efforts for ovarian cancer have so far been disappointing: results from the Prostate, Lung, Colorectal and Ovarian Cancer screening trial (PLCO) yielded no mortality benefit and substantial added morbidity due to increased surgical intervention (11) . Whether the encouraging preliminary results from the U.K. Collaborative Trial of Ovarian Cancer Screening will have a mortality impact is not yet known (12) .
OCP use provides substantial protection against ovarian cancer; use for five or more years cuts risk in half (3, 13) , and this protective effect extends for decades after use is discontinued (13) . Tubal ligation also provides a substantial protective benefit (3) . Salpingectomy at the time of pelvic surgery for other indications has also been considered as a strategy in low-risk women (ref. 14; https://www.sgo.org/clinicalpractice/guidelines/sgo-clinical-practice-statement-salpingectomy-for-ovarian-cancer-prevention/). An alternative preventive strategy that is commonly chosen by women who carry a high-risk mutation in one of the known ovarian cancer predisposing genes is risk-reducing bilateral salpingo-oophorectomy (RRSO).
It is likely that some women who are at a substantially higher risk than the average lifetime risk for U.S. NH white women because of a combination of genetic and lifestyle factors may want to consider an RRSO, a tubal ligation, bilateral salpingectomy, or extended use of OCPs. The lifetime risk of ovarian cancer at which a woman might consider these preventive approaches is dependent on a risk-benefit analysis by the woman in consultation with her physician.
The aim of this study was to quantify the population distribution of lifetime risks of ovarian cancer among women in the United States based on combinations of known risk and protective factors to inform such discussions.
Materials and Methods
Relative risk estimates and standard errors for the well-accepted risk/protective factors-family history of ovarian cancer, endometriosis, parity, OCP use, and tubal ligation-were recently published by the Ovarian Cancer Association Consortium (OCAC) based on more than 5000 cases and more than 7000 controls (3). These estimates were used in the calculations presented here (ref. 3; Table 1 ). For presentation purposes, firstdegree family history of ovarian cancer, personal history of endometriosis, and tubal ligation were each treated as dichotomous variables, whereas parity was categorized as never, one birth, and two or more births (derived via meta-analysis from data presented in ref. 3) , and OCP use was categorized as never use, 1 to 4 years of use, and 5þ years of use (also derived via metaanalysis from data presented in ref. 3) .
Eleven confirmed common susceptibility alleles for ovarian cancer have been reported (4-10). The published risk estimates for these variants are shown in Table 2 . Analysis of OCAC data suggests that the relative risks associated with these genetic variants are multiplicative and independent of family history of ovarian cancer; we were therefore able to calculate a genetic risk score by multiplying the relative risks associated with each SNP and then categorized these relative risk scores into quintiles with associated standard errors (details of these calculations are given in Supplementary Methods). These quintile genetic risk score relative risks are shown in Table 1 .
To determine the joint distribution of first-degree family history of ovarian cancer, endometriosis, parity, OCP use, tubal ligation, and the single genetic risk score combinations present in the U.S. population, control data from NH white women in four U.S. population-based studies [ (17, 18) with 963 controls. Control participants from the four studies were interviewed in person using slightly different standardized questionnaires, but each contained the necessary information on first-degree family history of ovarian cancer, endometriosis, parity, OCP use, and tubal ligation. The risk factor combination frequencies were thus obtained from 4,497 controls from four geographic regions of the United States. The variance associated with the log relative risk from each combination was obtained by summing the variances for each factor. This approach is based on the assumption of independence of the risk estimates for each factor, which was found to hold in the DOVE, HOPE, NCOCS, and USC data (Supplementary Methods). The relative risk for each combination of risk factors is relative to the specific combination of factors that comprise the reference group (no first-degree family history, no endometriosis, nulliparous, never users of OCPs, no tubal ligation, and lowest genetic risk quintile). To convert relative risks to absolute lifetime risks, the frequency-weighted average of all the combination-specific relative risks (using the combined data observed in the NH whites from the DOVE, HOPE, NCOCS, and USC studies) was first scaled to 1.37% (see below), and then this scaling factor was applied to each combination-specific relative risk and its 95% confidence interval (CI).
The average lifetime risk of ovarian cancer by age 85 in a population of NH white women in the United States followed from birth was calculated by obtaining the age-specific all-cause mortality rates (Centers for Disease Control, CDC), ovarian cancer-specific mortality rates (Surveillance Epidemiology and End Results, SEER), and ovarian cancer incidence rates (SEER) following the adjusted for multiple primaries (AMP) approach. The calculated average lifetime risk is 1.37%.
Results
There were 360 possible combinations of risk factors based on the factors included in this analysis-family history (two levels), endometriosis (two levels), parity (three levels), OCP use (three levels), tubal ligation (two levels), and genetic risk score (five levels)-of which 214 were observed among the 4,497 NH white controls in the DOVE, HOPE, NCOCS, and USC studies. Table 3 provides a demonstration of the multiplicative relative risks for the various combinations of risk factors.
The combination of risk factors with the lowest lifetime risk, 0.35% (95% CI, 0.29-0.42), was present in 1.4% of women, and 0.02% of women were in the highest risk group and have an estimated lifetime risk of 8.78% (95% CI, 7.10-10.85; Fig. 1 ). There were five combinations of risk factors, comprising 6.8% of women, with a lifetime risk of 0.5% or lower; the combinations of these risk factors are shown in Table 4 . All of these combinations included women who used OCPs for 5þ years and had at least one child.
There were 17 combinations of risk factors among the 1.85% of women at a 4% or higher lifetime risk of ovarian cancer ( Table 5) . The path to this high lifetime risk of ovarian cancer included either a family history of ovarian cancer or a self-reported history of endometriosis (16/17 groups). More than one half of these risk groups included women in the highest genetic risk quintile (9/ 17) . No OCP use was common among women at the highest lifetime risk (13/17). There was only one combination that did not include history of endometriosis or family history of ovarian cancer; women in this group had no protective factors and fell into the highest genetic risk quintile, resulting in a lifetime risk of 4.25% among 0.85% of the female population in the United States. Also, women without a first-degree family history of ovarian cancer made up 73% of women in the 4% to 9% lifetime risk category.
Discussion
We have used the joint distribution of confirmed, well-accepted risk and protective factors for ovarian cancer to estimate lifetime risk of ovarian cancer by age 85 for NH white women in the United States. Although the average lifetime risk of ovarian cancer among these women is approximately 1.37%, we have shown that there are many women at a substantially lower risk, and there is a group of women at much higher lifetime risk (Fig. 1) . For example, a nulliparous woman in the highest genetic risk quintile, who has no family history and no history of endometriosis, but has not used an OCP and not had a tubal ligation, has a lifetime risk of 4.25% (95% CI, 3.98-4.54). If this same woman had used OCPs for 5 years or more, her lifetime risk would have been reduced to 1.71% (95% CI, 1.52-1.92).
Women who carry genetic variants that put them at an exceptionally high lifetime risk of ovarian cancer (>10%) are currently offered an RRSO. However, the precise lifetime risk at which a woman would consider an RRSO is a matter to be decided by the woman in consultation with her physician. For women who are at, for example, three times the average lifetime risk of ovarian cancer (4.11% vs. 1.37%), such a discussion might be warranted. This type of discussion might be particularly relevant for a higher than average ovarian cancer risk woman who is having a hysterectomy and considering also undergoing a salpingectomy and/or oophorectomy. Further research on the impact of both of these procedures among peri-and postmenopausal women is clearly warranted in light of some findings favoring ovarian preservation (19) , but there is little evidence against including a salpingectomy (but see below). There are other prevention strategies available for younger women. OCP use provides substantial protection against ovarian cancer with 5þ years of use reducing risk by half. This effect attenuates in the decades following cessation of use, but a strong association remains over time (13) . There are several issues that need to be considered related to OCP use as chemoprevention of ovarian cancer. The first is the impact on risk of other conditions such as breast cancer and venous thrombosis. Secondly, the mechanism underlying the protective effect of OCPs is unclear and a key question is whether newer generation, extended-or continuous-cycle OCPs afford the same (or less or greater) level of protection as those that were in use when this association was established.
Tubal ligation is another preventive measure that offers an approximate 25% reduction in risk; this protection is particularly strong for endometriosis-associated ovarian cancer, namely clear cell and endometrioid subtypes (20) . It has recently been reported that the age at which the procedure is performed does not affect the extent of the protection (20) . The mechanism of protection for tubal ligation is also not understood.
Also, as evidence has mounted that many high-grade serous ovarian cancers, the most deadly subtype, likely arise from fallopian tube precursor lesions (21) , premenopausal women having a hysterectomy could elect to have a salpingectomy. Also, salpingectomy could be considered as an alternative to a standard tubal ligation. The risks from this approach appear low (14) . How this will impact a woman's ovarian cancer risk is uncertain and dependent on several factors including the portion of ovarian cancers that are derived from the fallopian tube, and the latency period of precursor lesions.
Only recently have confirmed (genome-wide significant) common susceptibility alleles been identified for ovarian cancer. The risk associated with these alleles appears to be independent of a first-degree family history of ovarian cancer (3). Armed with this SNP information, it is now possible to better define an at-risk group for ovarian cancer who might be appropriate for screening should an effective modality be identified. Calculating a woman's lifetime risk of ovarian cancer based on the factors included here is fairly straightforward as all of the variables except genetic risk score are known by the patient (endometriosis is based on selfreport). An individual's relevant SNP information will soon be obtainable at reasonable cost and permit the use of the model presented here to be used. Risk modeling has been used in breast cancer as well as among BRCA1/2 mutation carriers. Another important future application of these results would be identifying women for whom surveillance would be appropriate. Currently, there are no effective screening strategies for ovarian cancer; however, when effective screening measures become available, this work could be used to identify the high-risk women in the general population who should be encouraged to undergo screening.
This analysis has some limitations. To calculate the probabilities of the joint distribution of these risk factors, we used the control subjects from four geographically dispersed populationbased case-controls studies to represent the United States Also, the relative risk estimates used in these calculations were derived in part from the four case-control studies utilized in this analysis. The estimates are derived from a larger base of studies and are also in line with other published data. Because we based this analysis on published data and carried out simulations to derive the genetic risk quintiles, the variance may be underestimated, but our simulations suggest that the standard errors are reasonable. We also did not remove women who had had an oophorectomy from our U.S. population counts and thus our denominators are slightly inflated and the lifetime risks are underestimated. The data presented here relate to lifetime risk to age 85 for NH whites. Risk at younger ages is of course lower, and estimates for other racial/ethnic groups are needed. Lastly, there are likely other risk factors that contribute to lifetime risk of ovarian cancer which would influence these estimates, including menopausal estrogen therapy use, aspirin use, and possibly others that have not been described.
This model does not take into account high penetrance mutations in ovarian cancer genes, such as BRCA1, BRCA2, RAD51C, RAD51D. This information is not available in these data, but less than 1% of the population carry mutations in these genes and some of this risk is captured by family history of ovarian cancer. Our goal was to estimate lifetime risk in the general population, and these results are applicable to women with unknown BRCA status. This body of work has provided a framework by which to incorporate both nongenetic and common genetic factors into estimating lifetime risk. There are women at a substantially elevated lifetime risk of ovarian cancer; several preventive strategies as well as modifiable risk factors that could result in substantially reduced lifetime risk of the disease are available now. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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